A method is described for preparing model glycolipids by linking aldobionic acids to an alkylamine through an amide bond. These compounds may be rapidly prepared in large quantities. The glycolipids precipitate specifically with lectins. Precipitation occurs at glycolipid concentrations just above their critical micelle concentration.
Although lectin-reactive molecules in biomembranes are generally glycoproteins (1, 2) , lectins also bind glycolipids (3) (4) (5) (6) (7) (8) (9) . For a detailed study of leetin-glycolipid interaction we required substances of defined structure. Because isolation of naturally occurring glycolipids is time consuming and only small quantities are generally obtained pure, we synthesized these compounds. In this paper we report the synthesis, characterization, and some biological applications of a new class of model glycolipids which can be readily prepared in high yield as pure crystalline solids. A preliminary communication has already appeared (10) . MATERIALS 
AND METHODS

Materials
. N-Phenyl-1-naphthylamine, ninhydrin, diphenylamine, n-octylamine, n-decylamine, n-undecylamine, n-dodecylamine, n-tetradecylamine, and N,N'-dicyclohexylcarbodiimide (DCC)* were obtained ' To whom requests for reprints should be sent. ' Abbreviations used: DCC, N,N'-dicyclohexylcarbodiimide; RCA,, castor bean lectin; CMC, critical micelle concentration; salt/P; buffer, 0.01 M phosphate (pH 7.2), 0.5 M NaCl, 0.1 mM MnCl,, and 0.1 mM CaCl,; Con A, concanavalin A; PBS, phosphate buffered saline; AC, acetyl; Manp, mannopyranoside; Gab, galactopyranoside; Glcp, glucopyranoside. Melibiose was oxidized to potassium melibionate (13) followed by conversion to the free acid by treatment with Amberlite IR-120 (H'). The aqueous solution of the free acid was dried iw uacuo at 40°C. Melibiono-1,5-lactone was formed by concentrating and drying melibionic acid by repeated evaporation from methanol and ethanol (14) . Melibiono-1,5-lactone (1 g, 2.8 mmol) was dissolved in methanol (10 ml) by gentle heating, n-dodecylamine (0.6 g, 3.2 mmol) was added, and the reaction mixture was stirred overnight at room temperature. The precipitate which formed was filtered, washed with cold methanol, and air dried. were carried out on an Aminco-Bowman fluorimeter at 23°C using a fluorescent probe (N-phenyl-1-naphthylamine).
The N-phenyl-lnaphthylamine was excited at 360 nm and the emission recorded at 425 nm. The fluorescence change, plotted against glycolipid concentration, was extrapolated to the concentration at which fluorescence reached a minimum value, defined as the critical micelle concentration.
Precipitin reactions. A modification of the precipitin reaction described by So and Goldstein (15) b CMC was too low (<2 pg/mI) to be determined by the fluorescence method.
precipitin reaction was initiated by addition of glycolipid at a final concentration which would precipitate maximal quantities of protein.
RESULTS AND DISCUSSION
Synthesis of the compounds in Table I follows a reaction scheme (Fig. 1 ) similar to that described for N-dodecylmelibionamide and N-dodecyllactobionamide (10). Initially, DCC was added to catalyze the formation of the aldobionamides. Subsequently it was discovered that amide formation proceeds via the aldobionolactone, formation of which is catalyzed by DCC. Lactone formation also may be effected by heating in vacua and/or dissolution in organic solvents. In the present study, lactone formation was achieved by evaporating the lactobionic acid to dryness several times from ethanol or methanol in 'uocuo at 50°C. Comparison of the carbon-13 nmr spectra of free acid and la&one revealed the presence of carbonyl carbon atoms with a chemical shift at about 180.0 ppm with respect to trimethylsilane for the free aldobionic acid, and a resonance doubling and a shift toward trimethylsilane in the case of la&one carbonyl carbon atoms with peaks at 175.3 and 174.9 ppm. Addition of DCC is advisable when reaction mixtures contain mainly the free aldobionic acid and alkylamine. However, carbodimide may be omitted if aldobionolactone is used as reactant.
Occasionally, the aldobionamides appeared as a gel during recrystallization but repeated recrystallizations from methanol or ethanol provided an analytically pure, crystalline product. The N-alkyllactobionamides and N-alkylmaltobionamides generally formed crystalline products readily whereas other glycolipids often formed gels. Purity of the glycolipids was readily monitored by thin layer chromatography. When spray reagents were used, the glycolipids were ninhydrin and aldose positive only after hydrolysis (10) . Further characterization by ir spectroscopy yielded the characteristic amide I (1655 cm-') and amide II (1550 cm-') bands. Elemental analysis also confirmed the assigned structures.
Preparation of aqueous solution of the glycolipids usually required heating and sonication. The solubility of the substances in aqueous solution was affected by both the alkyl chain length and the nature of the carbohydrate head groups. At 1 mg/ml, the alkyllactobionamides, cellobionamides, and gentobionamides (all containing P-Dglycosidic linkages) with alkyl chain lengths of 12 or more carbon atoms generally precipitated from aqueous solution on standing. In fact, the longer the alkyl chain, the more readily the glycolipids separated from solution. Chromatographically pure cellobionamides and gentiobionamides frequently formed gels and very viscous solutions.
In aqueous solution the synthetic glycolipids, like all surfactants, form micelles as detected by fluorescent enhancement of N-phenyl-1-naphthylamine which partitions very favorably into the detergent micelles. The quantum yield of the naphthylamine is increased in the presence of a hydrophobic substance (17) . Figure 2 lipid. Values of the CMC determined by cal/mol (Table II) were obtained for the this method (Table I ) exhibited a logarithmic contribution of the polar head group and relationship with the number of carbon are indicative of a rather strong interaction atoms in the alkyl chain. The least-squares with the solvent. The -680 cal/mol contrifit of these data (Fig. 3) allows the formulation bution to the free energy of micelle formation of a relationship which describes the free implies that from 6-7 carbons must be in energy of micelle formation (18) in accordance the alkyl chain before AG becomes favorable with the equation AG = -RT In CMC. The for micelle formation. As detected by the equations in Table II can be used to predict similar curves in Fig. 3 and equations in the AG of micelle formation for any glyco- Table II , CMC values are independent of lipid in a particular series by substituting the nature of the sugar moiety and of the the number of carbon atoms in the alkyl nature and anomeric configuration of the chain carbons for n,. Values of 3300-3500 glycosidic linkage.
Micelle formation by the synthetic glycolipids results in structures containing multiple carbohydrate groups on the surface and alkyl chains concentrated in the interior region of the micelle. The synthetic glycolipids when present as micelles precipitate with lectins. Quantitative precipitin curves of concanavalin A (Con A) (Fig. 4) , B, isolectin fromB. simplicifoliu seeds (BS I) (Fig. 5) , and RCA, (Fig. 6) were obtained with several glycolipids. In all three cases, precipitation occurs at the CMC (see Table III ) and the lectin-glycolipid interactions were specific, in that a lectin precipitates only that glycolipid containing a carbohydrate with which it interacts. Since the CMC is governed by the number of carbon atoms in the alkyl chain, the quantity of glycolipid required for precipitation depends on the chain length. Comparisons of the point at which precipitation first occurred for the to completely inhibit precipitate formation at the concentration at which micelles of this glycolipid first form. Inhibition of lectin-glycolipid precipitation by monosaccharides further demonstrates the specificity of the precipitation reaction as well as the ability of glycolipids to compete with monosaccharides for the carbohydrate binding site. In Fig. 7 , the competitive inhibitor, methyl-a-D-gala&o-pyranoside, inhibits formation of the BS I lectin-N-dodecylmelibionamide complex at 0.5 lllM whereas 10 mM methyl-cy-D-mannopyranoside failed to inhibit. Methyl-a-D- mannopyranoside inhibits Con A-glycolipid complex formation of 0.5 mM while 10 mM methyl-cY-D-galactopyranoside failed to inhibit (Fig. 8) .
Finally, N-alkylaldobionamides in concentrations related to their CMC lyse erythrocytes. For example, N-decyl-, N-dodecyl-, and N-tetradecyl-aldobionamides cause lysis in the concentration ranges 800/1000,30-40, and 3-4 pg/ml, respectively. This observation is consistent with the detergent property of these substances.
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